Adhesion forces between tungsten spherical microparticles and tungsten substrates with different roughnesses have been measured using the Atomic Force Microscopy (AFM) colloidal probe technique. Mean roughnesses of the tungsten substrates were measured by AFM and were ranked in three categories i.e. nanoscale, sub-microscale and microscale roughnesses. Experimental Hamaker constant of 37 ± 3.5 × 10 −20 J has been obtained using a spherical tungsten particle of 10.5 µm in radius and a tungsten substrate with nanoscale root-mean-square roughness of rms = 11.5 nm. It was shown that larger roughness of the order rms = 712 nm induces a two order of magnitude decrease on the adhesion of tungsten microparticles compared to a smooth tungsten surface with nanoscale roughness. Comparison with the van der Waals-based adhesion force model of Rabinovich which integrates the roughness of surfaces showed good agreement with experimental pull-off forces even when roughness of the substrate is close to the micrometer range. In such case, measurements have shown that dependency of adhesion force with particle size (in the micrometer range) has a secondary influence compared to the roughness of surfaces.
with A the Hamaker constant, R p the particle radius and z 0 the distance of closest approach between surfaces. In 87 this theory, surfaces in contact are perfectly smooth which leads to consider the closest distance between materials 88 z 0 as the intermolecular length scale generally around 0.4 nm (Israelachvili [2011] ). An early model that integrates 89 roughness effect to Hamaker theory by changing the geometry of the problem was introduced by Rumpf [1990] . The Rumpf model consists of two terms that describe the total van der Waals interaction between a large spherical 92 particle and hemispherical asperity protruding a plane surface as depicted in Figure 1 . The first term represents direct 93 interaction (contact) between the particle and the asperity while the second term stands for "non-contact" interactions 94 between the particle and the surface separated by the height of the asperity. The corresponding van der Waals force is 95 written as follows:
with r s the asperity radius. Rabinovich et al. [2000b] pointed out that with such a geometry, the center of the hemi-97 spherical asperity must be located at the surface which is generally too much simplification for real substrate.
98
In addition, Rabinovich noted that the radius of asperity is difficult to measure while common AFM technique is 99 able to measure accurately the height and root-mean-square (rms) roughness of surfaces. Hence, Rabinovich et al. 100 proposed a relationship between the radius of asperity and rms roughness defined as follows: 101 r s = 1.485 · rms.
Substituting (3) F vdW = A · R p 6 · z 2 0 1 1 + R p /(1.485 · rms) + 1 (1 + 1.485 · rms/z 0 ) 2 ,
which is referred to by Rabinovich et al. [2000b] as the modified Rumpf's model . When more than one scale 103 roughness is considered, the global equivalent roughness of the surface can be calculated as follows: 104 rms = rms 2 1 + rms 2 2 ,
where rms 1 and rms 2 are the average root-mean-square roughnesses of the long and short peak-to-peak distances 105 respectively (Rabinovich et al. [2000a] ). Figure 2 depicts the evolution of total adhesion forces normalized by the 106 radius of the particle using the relation (4) for tungsten particles with radius R p = 2.5 µm, 5 µm and 10 µm, Hamaker 107 constant for pure W/W interaction A = 49 · 10 −20 J given by Tolias [2018] and closest distance approach between 108 surfaces z 0 = 0.45 nm (Israelachvili [2011] ). Total adhesion force exhibits two distinct regimes depending on the 109 surface roughness at the nanoscale. For a rms roughness above 10 nm, the normalized adhesion is ruled by the 110 contact term of the modified Rumpf equation whereas the non-contact interaction between the particle and the surface 111 dominates for rms roughness below 10 nm. As pointed out by Xie [1997] , surfaces with such small rms roughness 112 (below 10 nm) will be treated as smooth. As depicted by Figure 2 , in the non-contact interaction regime corresponding 113 to nanoscale roughness below 10 nm, the normalized adhesion force is independent on the particle radius (second term 114 in Eq. 4) and increases when nanoscale roughness decreases. However this observation is not valid for the contact 115 adhesion force regime (first term in Eq. 4) where the normalized force decreases as the particle's size increases for a 116 given rms roughness. Indeed, as the particle's radius increases, the minimum normalized adhesion force decreases and 117 a shift in the contact component towards higher rms roughness occurs. Figure 2 : Total adhesion force normalized by the particle radius (R p = 2.5 µm, 5 µm and 10 µm) using the modified Rumpf model (4) with Hamaker constant of 49 · 10 −20 J (Tolias [2018] ) and distance of closest approach z 0 = 0.45 nm.
asperity is generally not aligned with the surface but embedded below it. In addition to the height of asperities, a new 125 parameter λ referred to as the breadth between asperities has been added to the model.
126
Moreover, authors observed that common surfaces are always composed of a nanoscale roughness superimposed on 127 a larger microscale roughness (also referred to as waviness) with much longer peak-to-peak distance. Rabinovich et 128 al. thus incorporated the contribution of two scales of surface roughness, characterized by their root-mean-square 129 roughness rms i and peak-to-peak distances λ i . The total adhesion force is simply the sum of the contribution of the 130 adhesion of the particle with the different roughness structures and the underlying plane and is given by Rabinovich
Figure 3 depicts such a geometry considering two superimposed roughness as described by Rabinovich. Note that for 133 this geometry, the height of the asperity above the average surface plane is not equal to the radius of the asperity and 134 its origin is located below the average surface plane. Eq. (6) is valid as long as the rms and wavelength of the two scales roughness remain smaller than the size of the 136 adhering particle. When λ 1 becomes comparable to R p , the average plane of the surface is incorporated in the large 137 asperities and the third term of eq. (6) can be dropped, yielding:
In such a case (λ 1 > R p ), the contact term provides the major contribution to the total adhesion force although 139 the non-contact term keeps its influence in the nanoscale roughness regime. This situation is depicted in Figure   140 4 representing the total adhesion force normalized by the particle radius according to the superimposed roughness In contrast with the modified Rumpf model, the Rabinovich model does not predict a minimum value for the total 144 normalized adhesion force but a continuous decrease with the increase of the superimposed roughness of the surface.
145
This eliminates the increase in the normalized adhesion force predicted by the modified Rumpf model for rms rough- is thus neglected; (ii) it considers a single point of contact between the particle and the surface which can be different 151 from the equilibrium position. Nevertheless, when using the colloidal AFM technique, particles are fixed under the 152 cantilever and thus not free to move to find more than one contact point. In addition, the use of a hard material such 153 7 as tungsten (Young's modulus of E = 400 GPa at room temperature) for both the particle and the surface material reduces to its minimum the plastic deformations that can arise during contact. representation of the distribution of the adhesion between the particle and a specific substrate.
Materials
Functionalized cantilevers. Tungsten particles were purchased from Tekna Advanced Materials ™ which produces metallic powders by a RF plasma discharge technique (see Jiang and Boulos [2006] ). The Tekna W25 powder comes grafting of spherical particles with best control, a wet sieving method has been used in order to reduce the broadness 179 of the mean particle size. After this step, batches of powders with narrower particle size distributions were used 180 for functionalization of the cantilevers. For smaller particle radii, i.e. between 1 µm and 4 µm, a specific tungsten 181 powder from Alfa Aesar ® with a median radius of 2.2 µm and a geometric standard deviation of 1.6 has been sent to 182 Tekna Advanced Materials ™ to undergo the same spheroidization procedure. Tungsten spherical particles of desire 183 sizes were then grafted on AFM tip-less cantilevers using optical microscope, micromanipulator and epoxy following 184 method introduced by Ducker et al. [1991] and well detailed by Gan [2007] . Grafted cantilevers were verified by SEM 185 analysis before and after pull-off force experiments in order to estimate their radii and check that no contamination 186 was present on the particles. Figure 6 shows SEM micrographs of these particles once attached onto AFM cantilevers.
187
Seven particle radii have been investigated in this study: 1 µm, 1.8 µm, 3 µm, 3.9 µm, 5.5 µm, 7.5 µm and 10.5 µm. Table 1 . (also referred as R q ) is defined by: probe and the substrate is governed by the nanoscale roughness of the latter. In order to account for the roughness 228 effect in the calculation of the Hamaker constant, we use the classical formula of the Rabinovich model presented in 229 section I of this paper:
The experimental Hamaker constants obtained with the classical formula of Hamaker and the Rabinovich model The experimental values of Hamaker constant obtained with pull-off force data and adjusted with the Rabinovich model are in good agreement with the theoretical value of Hamaker constant for W/W interaction considering the experimental conditions (measurements were performed in ambient air) and the repeatability of the technique. More-237 over, it is worth mentioning that pure tungsten is not chemically stable in ambient conditions and it is well known that 238 a thin WO 3 oxide layer (≈ 3−6 nm) forms at the surface of tungsten material (see Peillon et al. [2017] ). Such an oxide 239 layer adds to the complexity of the measurement for a pure W/W adhesion study and the determination of van der 240 Waals interaction by modifying the Hamaker constant of the material. Nevertheless, since all the force measurements 241 presented in this paper were realized in ambient air, we will consider an Hamaker constant of A exp = 37 ± 3.5 × 10 −20 242 J in the following. Derivations of adhesion forces with the Rabinovich model were performed with a minimal separation distance 249 z 0 = 0.45 nm and the experimental Hamaker constant estimated previously A exp = 37 × 10 −20 J and are represented by 250 the continuous lines in Figures 10, 11 and 12. We also performed the calculations of adhesion forces with the minimum 251 (A min = 33.5 × 10 −20 J) and maximum (A max = 40.5 × 10 −20 J) Hamaker constants deduced from the measurement in 252 Section 3.1. These limit values are denoted A ±10% and are depicted by the dashed lines in Figures 10, 11 and 12.
253
Tungsten surface with nanoscale roughness. Adhesion measurements obtained with the nanoscale tungsten surface 254 are presented in Figure 10 together with the Rabinovich model derivations.
255
Experimental adhesion measurements on the nanoscale roughness tungsten surface with tungsten particles from 1 256 µm to 10.5 µm radius exhibit mean adhesion forces between 300 nN and 1700 nN. Standard deviations of the mean 257 adhesion forces are below 5 % except for the 3.9 µm radius particle and the larger 10.5 µm radius particle where the 258 standard deviations are 22 % and 10 % respectively. In comparison, the classical Hamaker formula for the derivation 259 of the van der Waals force (eq. 1) between a sphere and a plane gives 3 350 nN for the 10.5 µm radius particle 260 which is two times the experimental value. This two times overestimate by the model is clearly related to the surface 261 roughness. This is confirmed by Figure 10 where the Rabinovich model is consistent with data for all particle sizes 262 tested except for the 3.9 µm particle radius. Effect of particle roughness. Indeed, the experimental mean adhesion force with the 3.9 µm particle radius is 414 nN 264 which is two times lower than the predicted adhesion by the Rabinovich model. Such a drop in the adhesion can again 265 be explained by the surface roughness of the particle itself. To confirm this hypothesis, we measured the topography 266 of the summit of this particle with the AFM. A nanostructured surface was found with a rms of 12.6 nm. Such 267 an important roughness cannot be ignored and have to be incorporated in the Rabinovich derivation. To do so, we adhesion forces are much larger with values between 19 % and 46 %. Rabinovich model is consistent with data for 285 particle above 5.5 µm in radius but fails to describe the adhesion reduction observed when the particle radius is below 286 5 µm. This specific feature remains unexplained. Using the same parameters and the rms roughness of 185 nm for the 287 sub-microscale tungsten surface, we plotted the modified Rumpf model calculations in Figure 11 . In this case, results 288 are of same order of magnitude with experimental data. However, the Rumpf model still underestimate by 25 % the 289 adhesion forces compared to Rabinovich derivations.
290
Tungsten surface with microscale roughness. Adhesion measurements obtained with the microscale tungsten surface 291 are presented in Figure 12 together with the Rabinovich model calculations.
292
Experimental adhesion measurements on the microscale roughness tungsten surface with tungsten particles from 1 µm 293 to 10.5 µm radius exhibit mean adhesion forces between 10 nN and 30 nN. Standard deviations of the mean adhesion 294 forces are consequent and above 80 % for all the mean adhesion forces. In such a case with a very textured substrate 295 composed of a microscale roughness, adhesion of micrometer particles becomes independent with the particle size as 296 previously noticed by Laitinen et al. [2013] . In this case, surface roughness appears to play the dominant role whereas 297 particle size has a secondary influence on adhesion force. This behavior is well described by the Rabinovich model 
Conclusion

302
Adhesion forces between tungsten spherical microparticles with radii from 1 µm to 10.5 µm and tungsten sub-303 strates with different roughnesses have been measured in ambient air using the Atomic Force Microscopy (AFM) 304 colloidal probe technique. Mean roughnesses of the tungsten substrates were measured by AFM and were ranked 305 in three categories i.e. nanoscale, sub-microscale and microscale roughnesses. Experimental Hamaker constant of 306 37 ± 3.5 × 10 −20 J has been obtained using a spherical tungsten particle of 10.5 µm in radius and a tungsten substrate 307 with nanoscale root-mean-square roughness of rms = 11.5 nm. Pull-off force measurements with a nanoscale tung-308 sten substrate (nanoscale rms) and microparticles with radii from 1 µm to 10.5 µm gave adhesion forces in the range 309 300 nN to 1700 nN. On the other hand, it was shown that larger roughness in the micrometer range induces a two 310 orders of magnitude decrease on the adhesion of the tungsten microparticles compared to the tungsten surface with 311 nanoscale roughness. Sub-micrometer surface roughness (rms = 185 nm) exhibited adhesion forces in the range 10 312 nN to 115 nN in accordance with both the Rabinovich and the Rumpf models. Moreover, we have also shown that:
313
• Comparison with the van der Waals-based adhesion force model of Rabinovich showed quantitative agreement 314 with experimental pull-off forces for particles with radii between 1 µm and 10.5 µm for smooth surfaces (rms ≈ 315 10 nm) but also for very rough substrates with a rms roughness close to the micrometer range.
316
• For all the configurations tested, we demonstrated the predictive accuracy of the Rabinovich model when defi-317 nition of the surface roughness is carried out with care.
318
• For microscale roughness, measurements have shown that dependency of adhesion force with particle size (in 319 the micrometer range) has a secondary influence compared to the roughness of surfaces. 320
16
The good predictions of the Rabinovich model throughout the range of micron-sized particles and rms roughnesses studied makes it a good substitute to classical empirical correlations (for example the correlation of Biasi [2001] ) 322 used in common resuspension models like the Rock'n roll model of Reeks and Hall [2001] by placing the roughness 323 of the substrate on which particles are deposited as a key parameter for removal predictions as recently stated by
